Recently, a new limiter concept with liquid metal for a helical fusion reactor was proposed. This work present a modeling study to understand the influence of the limiter to the plasma and to find critical parameters for the liquid limiter concept. EMC3-EIRENE code is applied to a limiter configuration of a vertical column formed with plane surfaces at the inboard side of the Large Helical Device (LHD). The calculation results indicate that heat load on the helical divertor plates is significantly reduced when the limiter is inserted into the ergodic layer even without impurities. However, the influence of impurity radiation is too large in some cases. In order to achieve a large reduction of divertor flux and to avoid a large reduction of core electron temperature, parameter scans with limiter position and sputtering yield were performed. The results suggest that the limiter position is a critical parameter for acceptable degradation of the core and sufficient reduction of divertor flux.
Introduction
The issue of heat flux on plasma-facing components is crucial for a future fusion reactor. New concepts of tokamak divertor systems have been proposed utilizing modifications of the magnetic field structure and the divertor plates. A concept design of an advanced divertor, REVOLVER-D, for a helical fusion reactor has been proposed based on Large Helical Device (LHD) [1] . This concept design uses a shower of melting tin as a plasma-facing component. The shower catches high heat flux from the plasma and reduces heat flux to the helical divertor plates. High heat-removal performance of liquid metal makes it possible to install the shower in the ergodic region. The melting tin shower plays the role of a poloidal limiter to diminish the divertor legs. However, there is no experimental knowledge of such a strong plasma shaping with a limiter in LHD, and it is difficult to realize such a limiter in a usual operation campaign of LHD. Therefore, modeling studies are required to estimate the liquid limiter's performance and its influence to the peripheral plasma, and the divertor plates.
Modeling of a Liquid Metal Limiter
The shower limiter of REVOLVER-D consists of many fine liquid flows, and precise modeling requires fine resolution of the calculation grid system. Therefore, we obscure the fine structure and use a box-like plane limiter, as shown in Fig. 1 . The limiter in the model has sufficiently long in z-direction to cut the plasmas including the divertor legs in the inboard side. The toroidal width of the limiter is 4
• corresponding to approximately 8 cm when the limiter is placed in the ergodic region. The radial position of the limiter is defined by two coordinate values of both edges of the surface, R w and R p , as shown in Fig. 2 . The wallside position of the limiter is fixed at R w = 2.3 m and the plasma-side position R p is a free parameter in this work. The connection length map is also shown in the figure to show where the limiter cuts the plasma. The limiter edge at R = R p cuts the LCFS in the white region in the core. The plasma is terminated by the limiter surface with Bohm condition and the deuterium ions are released as deuterium molecules and atoms with the same process as on the divertor plates. We use the open divertor configuration and the standard LHD magnetic field configuration with the axis position at R ax = 3.6 m. The first wall geometry and the size of the device are the same as LHD. We employed EMC3-EIRENE code [2] [3] [4] to model the plasma with the limiter. The code describes a plasma with Braginskii-type two fluid equations along magnetic field lines with cross-field diffusion and neutrals with a Boltzmann-type kinetic equation. We used typical crossfield diffusion coefficients D ⊥ = 0.5 m 2 /s, D imp⊥ = 1 m 2 /s, and χ e⊥ = χ i⊥ = 1 m 2 /s for deuterium plasma, impurity ion, and electron/ion energy, respectively. The code includes energy interactions between the impurity and the electron due to ionization, recombination, and radiation. We used ADAS database [5] for impurity atomic processes. The electron density at the core boundary at R = 2.895 m and the heating power are fixed to 5 × 10 19 /m 3 and 10 MW, respectively. Details of the grid system and the modeling parameters are found in papers [6, 7] .
Influence of Limiter Position
We made a parameter scan of the plasma-side limiter positions R p = 2.55, 2.6, 2.7, 2.75, 2.8, and 2.85 m to see influence of the limiter position to the plasma transport. We compare electron density and electron temperature distributions at the same toroidal position as the limiter between with and without the limiter in Figs. 3 (a) and 3 (b). The divertor legs at the inboard side cause large particle and heat fluxes on the divertor tiles [8] without the limiter but are completely removed by the limiter. Plasmas in the other legs are significantly weakened by the limiter but do not disappear.
Dependence of the electron temperature on the limiter position R p is shown in Fig. 4 . Impurities are not take into account in this section, and studied in Sec. 4. The solid red line and the dashed blue line represent electron temperature at the core boundary and the wall surfaces, respectively. The electron temperature at the wall is averaged over the divertor plates and the limiter surface, and approximately obtained as the heating power divided by the effective plasma wetted area. A shift of limiter position toward the core causes a peaked heat flux deposition and a smaller effective wetted area. Therefore, the temperature increases, however the absolute difference is not large.
The electron temperature at the core has an opposite trend. The radial temperature gradient is nearly constant because of a fixed heating power with the assumption of diffusive cross-field transport. Therefore, shift of the limiter toward the core shortens the distance between the limiter and the core boundary, and the temperature drastically decreases after the limiter cuts the LCFS.
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Influence of Impurity
Impurity is another essential factor leading to degradation of the core plasma performance. Therefore, estimation of impurity flux released from the limiter and its transport in the plasma are critical issues. REVOLVER-D uses tin because of its much lower vapor pressure than other metallic materials with low melting point [1, 9] . A rough estimation of vapor flux is given by P v / √ 2πmkT under the assumption of an equilibrium of particle flux on the surface. The vapor pressure, atomic mass, Bolzmann constant, and surface temperature are denoted by P v , m, k, and T , respectively. When the surface temperature is less than 1000
• K the vapor pressure is less than 10 −5 Pa and the particle flux is less than 10 −6 of a typical deuterium ion flux. That means the vapor flux is similar to a sputtering flux with a sputtering yield of the order of 10 −6 . The vapor flux arises from the surface with high temperature and, therefore, it can be much larger than the plasma wetted area. If the high temperature area is 100 times larger than the plasma wetted area, the corresponding sputtering yield becomes 10 −4 .
The physical sputtering yield of tin bombarded by deuterium is found in paper [10] . The authors suggest a strong dependence on surface temperature especially above the melting point. The sputtering yield is of the order of 10 −2 with solid tin and of the order of 10 −1 with melting tin. In any case, the sputtering flux would be larger than the vapor flux. Sputtering of melting metal is not well investigated, and it seems to be difficult to estimate a sputtering yield for a certain surface temperature and plasma parameters. In this study, we use 1% of sputtering yield as a reference although this amount may be an underestimation. Ionization and radiation coefficients of tin are not Fig. 7 Dependencies of electron temperature at the core boundary and at the wall surfaces for different impurity species. available in the ADAS database. Accordingly, we carried out a parameter scan of homologous elements of tin, i.e., carbon, silicon, and germanium. We modified the EMC3-EIRENE code to use the fixed sputtering yield on the limiter surface and no sputtering on the divertor plates. Electron temperature at the core boundary and the wall surfaces is shown in Figs. 7 (a) and 7 (b), respectively. Energy loss due to radiation from the impurity causes decrease of electron temperature. The temperature reduction is not significant with the limiter at R p = 2.6 m but becomes large for R p > 2.65 m. Carbon and silicon have a relatively small impact on the core electron temperature, but germanium has a large impact. Reduction of electron temperature of the wall surfaces also occurs. Impurity ions with a higher atomic number cause larger radiation in general. Therefore, tin would have larger radiation and larger influence on the core electron temperature. We investigated the impact of impurity on the core electron temperature with different sputtering yields. Figure 8 shows temperature as a function of impurity radiation power normalized by the heating power. In the case of large R p , > 2.65 m, radiation power becomes large even for 1% of sputtering yield. On the other hand, in the case of R p = 2.6 m, radiation power is much smaller than the other cases of the same sputtering yield, and does not cause large reduction of core electron temperature.
In order to avoid a significant influence upon the core plasma, the limiter position should be sufficiently outside the LCFS. Our results suggest R p < 2.65 m. However, these results depend on the sputtering yield and impurity species. Development of sputtering model and impurity database is required to achieve quantitative results. Also, impurity transport is affected by plasma parameters such as electron temperature and density. Therefore, further investigation including development of physical models are necessary.
Conclusions
The first modeling of an LHD-type fusion plasma with a box-like limiter at the ergodic region has been conducted and its application to estimation of influence of a liquid metal limiter on the plasma has been presented. Significant reduction of divertor flux is confirmed as a result of flux removal by the limiter. Particle and heat flux on the divertor plates are reduced to one half even in the case of a modest limiter position, R p = 2.6 m, and to almost zero in the case of a position deeply in the plasma across the LCFS, R p = 2.8 m. In order to avoid large drop of the core electron temperature, the model suggests the range of the limiter position, R p < 2.7 m.
In the investigation of impurity, tin cannot be used for the modeling because of the lack of a database. However, a sensitivity study has been performed with homologous elements of tin. Impact of carbon and silicon on the core electron temperature is relatively small However, germanium has strong impact. The model suggests R p < 2.65 m as an acceptable range, where the heat flux on the divertor plates are reduced to one half or one third. However, we note that tin would have stronger impact. Also our estimation depends on a sputtering yield, which has not yet been clarified for liquid metal.
From the above investigations, significant reduction of heat flux on the divertor plates and relatively small influence on the core electron temperature seems to be obtained in the range of 2.6 m < R p < 2.65 m. That finding suggests the necessity of an adjustment mechanism of the limiter position, for example, switching of each liquid flow. Influence of impurity must be clarified with reliable sputtering model and database. Control method of impurity transport in the plasma and in the liquid metal shower is a critical issue from the engineering point of view.
